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Abstract
Quality requirements for crystallization products in the pharmaceutical in-
dustry are specified by the demands of the drug administration (e.g. bioavail-
ability, size uniformity, and polymorphic form) and manufacturing consider-
ations for downstream processes such as filtration and drying (e.g., ability
to flow). Because the crystal size distribution (CSD) has a large effect on
crystal properties, reproducible and optimal control of the CSD is of great
importance.
This thesis contributes to the development of a new process for control
of the CSD by combining antisolvent crystallization in a dual impinging jet
crystallizer with cooling crystallization in a well-mixed tank. This semi-
continuous process is a significant step towards the development of continuous
crystallizers that provide a higher degree of control of the CSD than has been
obtainable with existing crystallizer designs.
The thesis first describes the collection of ATR-FTIR spectra and con-
struction of a calibration model, whose regression coefficients were used
along with ATR-FTIR spectra to measure the solubility of paracetamol in
isopropanol-water solution at various temperatures and solvent ratios. This
information is valuable for any subsequent simulations or experimental imple-
mentation of open or closed-loop controls for a crystallization process. The
thesis then describes the simulation of the process of feeding seeds produced
by real-time antisolvent crystallization to a well-mixed cooling tank. This
design provides a higher degree of control of the CSD by decoupling crys-
tal nucleation and crystal growth. Optimization of the temperature profiles
to achieve targeted crystal size distributions are presented. The simulation
results motivate a future experimental implementation.
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Chapter 1
Introduction
Crystallization is an important process to achieve high purity and to produce
the desired form, including the shape and size of the pharmaceutical prod-
uct. Cooling, evaporation, chemical reaction, and adding antisolvent are the
four main methods for inducing crystallization from solution. The design of
the crystallization process includes the development of control strategies to
ensure efficient downstream operations and product effectiveness. The pur-
pose of this thesis is to develop systematic and scientific design approaches
to decouple nucleation and growth, develop a strategy to produce a targeted
crystal size distribution, and thus eliminate undesirable effects that can be
created by milling.
The solubility is the concentration at which the solid crystals are in
equilibrium with the liquid solution. C is the measured concentration and
C∗ is the solubility at the same temperature. A supersaturated solution is a
solution in which the solute concentration exceeds the solubility at a given
temperature. Absolute supersaturation is expressed as the concentration
difference (C − C∗). Relative supersaturation is a ratio of concentration
difference and solubility ((C −C∗)/C∗). Supersaturation is the driving force
for nucleation and growth. Primary nucleation occurs above the unseeded
metastable limit while growth occurs anywhere above the solubility curve as
seen in Figure 1.1.
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Figure 1.1: Basic concepts of crystallization
Optimal temperature profiles have been determined for a large number of
solute-solvent(s) combinations [1, 2]. Adaptive concentration control of cool-
ing and antisolvent crystallization has received increased research attention
[3, 4, 5], but a new way for the combination of antisolvent and cooling crys-
tallization was investigated here in order to decouple nucleation and growth
for better control of crystal properties. A dual impinging jet crystallizer and
a concentration-controlled aging tank were coupled, with the dual impinging
jet crystallizer providing a reliable method to produce small crystals with a
narrow size distribution [6] that are fed to the aging tank. Temperature con-
trol in the aging tank is the most widely used method for promoting crystal
growth while minimizing the nucleation of additional crystals.
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Chapter 2
Literature Review
2.1 Introduction
Crystallization has become one of the most common seperation techniques
in chemical industry. This chapter review the work performed in the area
of cooling and antisolvent crystalliztion. Both the experimental control and
modeling of the crystallization processes are described.
2.2 Cooling Crystallization
Cooling is the most common way in industry because it is relatively easy
for operation, in which batch and semibatch crystallization processes are
widely used. Hulburt and Katz[1] and Randolph and Larson[2] developed
the pupulation balance approach, which is a framework for the prediction of
crystal size distributions in various crystalizer process configurations.
Miller and Rawlings[3] constructed an open-loop optimal control strat-
egy to regulate the crystal-size distribution of batch cooling crystallizers,
which is applicable to crystallization with size-dependent growth rate, growth
dispersion, and fines dissolution. Fujiwara et al.[4] developed a systematic
approach for the in situ control of the crystal size distribution, applied to the
aqueous crystallization of paracetamol (acetaminophen) as a model pharma-
ceutical system. For a detailed overview of model development for solution
crystallization and recent advances in crystallization control, the readers are
referred to the review articles by Rawlings[5] and Yu et al.[6].
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2.3 Antisolvent Crystallization
Crystallization from solution using an antisolvent is used widely in the phar-
maceutical industry. In antisolvent crystallization, solute is formed from a
primary solvent by the addition of antisolvent in which the solute is relatively
insoluble. In other words, the solute crystallizes due to the reduction in sol-
ubility. The main advantage of this method is the application to thermally
sensitive pharmaceuticals[7]. Another advantage is that the crystal morphol-
ogy or polymorphic form can be affected by the significant change of the
solvent activity. Disadvantages include the higher supersaturation gradient,
the additional coats for the solvent separation and the larger capital costs[8].
Mechanisms of crystal agglomeration of paracetamol in acetone-water
mixtures was explored by Alander et al.[9]. The degree of agglomeration is
found to decrease with increasing solvent polarity. It is suggested that the
mechanism relates to the crystal-solvent interaction and the physicochemical
adhesion forces between crystals in the solution.
Control methods for the antisovlent crystallization has been investigated
and evaluated. Zhou et al.[10] described a new approach for following in situ
supersaturation setpoints for antisolvent crystallizations that is easy to im-
plement for the tried crystallization. It does not require accurate kinetics
or trial-and-error experimentation to control the crystallizer[11]. In addition
to no requirement of the extra time for the determination of crystallization
kinetics, the advantage of this approach is its low sensitivities to most prac-
tical disturbances[12]. A fuzzy logic control approach is developed for the
control of a seeded semibatch crystallizer by Hojjati et al.[13]. The impact
of direct nucleation control on crystal size distribution in pharmaceutical
crystallization processes is explored by Abu Bakar et al.[14].
2.4 Dual Impinging Jet
Dual impinging jet mixers find widespread use because of their capabilities of
rapid and high intensive mixing. In dual impinging jet, solution collides with
antisolvent in opposite direction (see Figure 2.1. Very high supersaturation
is created in the crystallizer, resulting in very fine crystals with narrow crys-
tal size distribution (CSD), and mixing time is less than the characteristic
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process time[15]. The key to rapid mixing is twofold: (1) produce a region
of high turbulent energy dissipation; (2) ensure that the process streams for
mixing pass through the high intensity region without bypassing.
Figure 2.1: Dual impinging jet crystallizer: Y mixer
Micromixing effects were explored to carry out rapid precipitation on a
practical scale the use of a impinging jet mixer[15]. The jet Reynolds num-
ber was required higher to achieve the same micromixing quality when the
jet diameter was larger. The micromixing time correlated well as a func-
tion of a Damkohler number that led to a scale-up criterion. The influ-
ence of the positions and orientation of the two inlet streams, as well as the
length of the mixer on the mixing and the precipitation in jet mixing de-
vices were also investigated[16]. Operational sensitivity and reproducibility
of the impinging-jet mixer was investigated[17]. An apparent trend between
impinging-jet linear velocity and crystal size and number was observed, with
more small crystals produced at higher linear velocity. Experimental mixing
times studied in Y mixer and confined impinging jet (CIJ) mixer were cor-
related with jet velocity, diameter, and viscosity using simplified turbulent
mixing theories, particularly the Corrsin model, which includes both meso-
and micro-mixing terms[18]. The results showed that both mixers provided
rapid mixing of the order of 10 ms at jet velocities of 10 m/s.
Choi et al.[19] applied a hybrid approach incorporating a computational
fluid dynamics (CFD) package and process simulation tool to simulate the
steady-state crystallization in a Y-mixer crystallizer. It was found that a
mixing effect was evident even in a small-scale Y-mixer crystallizer and that
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nuclei were created dominantly by primary homogeneous nucleation and were
grown at the rate controlled by both bulk diffusion and surface integration.
Woo et al coupled computational fluid dynamics (CFD), micromixing model-
ing, and the population balance equation (PBE) to simulate the crystal size
distribution in a confined impinging jet crystallizer[20]. There are several
types of designs of dual impinging jet included in Figure 2.2. As for the
chamber, fluids bypass in free mode. The submerged mode is lack of repro-
ducibility of the residence time of the crystals in the mixing chamber. In
confined mode, the chamber limits the mesomixing volume and further en-
sures that the two fluids are homogenized in the ratio as they were charged.
As for branch pattern, T shaped mode may have stagnant zone at the top.
Y shaped mode can enlarge collision plane only if angle is not too narrow.
Because Y shaped mixer can reduce clog, Y shaped dual impinging jet crys-
tallizer was selected to do experiment.
Figure 2.2: Categories of Dual Impinging Jet crystallizers[15, 18, 21, 22]
2.5 Summary
In the past decade, many studies in crystallization control have dealt with
finding the optimized trajectory in cooling or antisolvent crystallization pro-
cesses as well as the development of state-of-the-art technology, but the com-
bination of them is not fully explored.
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Chapter 3
Calibration Model Building and Solubility
Determination of Paracetamol
3.1 Introduction
The main objective of this chapter is to measure the solubility of paracetamol
in different solvent ratios at different temperatures. In order to construct the
solubility surface, this chapter provides the procedures to collect spectra at
specified conditions, obtain regression coefficients using chemometrics, and
measure solubility with ATR-FTIR spectroscopy. The calibration model be-
tween ATR-FTIR spectra and paracetamol concentration was constructed
from the data collected during the first step, spectra collection at specified
temperature and solvent ratio, and an error analysis was performed. Both
antisolvent crystallization and cooling crystallization were performed in this
step to cover the range of temperature and solvent ratio required in solubility
measurement and future feedback control.
Paracetamol is a widely used analgesic (pain relief) and antipyretic (fever
reducer). It is commonly used active ingredient in over-the-counter products
and is used as an alternative to aspirin. Paracetamol is often used as a model
pharmaceutical for crystallization studies [1, 2, 3, 4, 5]. Previous studies
measured the solubility of paracetamol in isopropanol-water mixtures and
its crystallization kinetics [6, 7]. For these reasons, the experiments of this
project use the same system.
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3.2 Experimental Procedure
3.2.1 Materials and Instruments
Paracetamol (4-acetamidophenol, 98%, Aldrich) and isopropanol (99.9%,
Fisher) were the chemicals used in experiments. The solution was added
to a 500-mL jacketed round-bottom flask and stirred continuously with a
magnetic stirrer (Corning). A DIPPER-210 ATR immersion probe with two
reflections manufactured by Axiom Analytical was used to collect the spec-
tra of paracetamol in solution. ZnSe was used as the internal reflectance
element in the probe attached to a Nicolet Protege 460 FTIR spectropho-
tometer, which was connected to a Pentium II computer running OMNIC
4.1a software from Nicolet Instrument Corp. The spectrometer was purged
with N2 gas 1 h before and while measurements were being taken to reduce
the effects of CO2 absorption in its optical path. A mixture of 50% deionized
water by weight in the isopropanol-water solution at 30oC was used for the
background measurement. A spectral resolution of 4 cm-1 was used for the
background measurement. Spectra were collected every minute in the range
between 4000 and 650 cm-1 in experiments. Chord length distributions of
paracetamol crystals in solution were obtained using Lasentec focused beam
reflectance measurement (FBRM) connected to a Pentium III running ver-
sion 6.0b9 of FBRM Control Interface software. The sample temperature was
controlled by ratioing the hot and cold water to the jacket with a research
control valve (Badger Meter, Inc.) using a proportional-integral control sys-
tem designed via internal model control [8, 9] and was measured every 2
s using a Teflon-coated thermocouple attached to a Data Translation 3004
data acquisition board via a Fluke 80TK thermocouple module. Temper-
ature readings were averaged during the collection of each FTIR spectra,
which consisted of 32 scans (approximately 20 s). Crystals produced were
examined using Leica Microscope equipped with an Insight camera. The
images captured by this microscope were processed in the Image-Pro Plus
Software. The same instrument conditions were used for all experiments (see
Figure 3.1.
12
Figure 3.1: Schematic of the apparatus and instrument setup used for
crystallization
3.2.2 Pump Calibration
In the control interface, the voltage to the pump is the input to command
the pump to run at a certain volumetric rate. To operate at a required flow
rate, calibration of pump should be performed first. The mass of deionized
water charged by the pump for ten minutes was measured at various voltage
settings. Three trials were done at each voltage: 1.25, 1.5, 2, 2.0, and 2.5 V.
The mass flow rate was determined using the mass and the time of each trial.
At room temperature, 25oC, the corresponding water density is 0.9970479
g/mL. The mass flow rate of water collected for each trial at respective
voltage was converted to volume flow rate using the density of water. Then
a linear regression was fit to the data.
3.2.3 Antisolvent Crystallization
Reference solubility data of paracetamol in water-isopropanol solution [6]
were used for the design of the calibration experiments. Figure 3.2 plots
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the paracetamol concentration in the crystallizer vs. the solvent percentage
for each of the antisolvent experimental runs, and the published reference
solubility curves for paracetamol are overlaid on the plot to show where the
experiments were performed relative to these curves. When antisolvent is
added to the crystallizer, the solute concentration and the solvent percent-
age reduce simultaneously to follow a line towards the point (0, 0) in Figure
3.2. Many of these straight lines are shown on the figure. In experiments at
constant temperature, whether initially undersaturated conditions will be-
come supersaturated, or vice versa, depends on the slope of this line relative
to the slope of the solubility curve at that temperature. For initially un-
dersaturated conditions, the solubility curve is crossed only if the slope of
the solubility curve is higher than the slope of the operation line (the slope
is nonzero due to dilution). The water is antisolvent when the solvent per-
centage is below around 70%, which is the operating region considered in
this thesis as there is much higher yield than operating higher than 70%.
With this constraint on the slope, 20, 30, 40 and 50wt% were chosen to be
the experimental solvent ratios, for experiments 20, 30 and 40oC. Specified
amounts of paracetamol, deionized water, and isopropanol were placed in a
round-bottom flask and heated until all of the crystals dissolved. Spectra
were collected while water was added into the solution until metastable limit
was reached or the tank was full, whichever came first. The operation data
are presented in Table 3.1.
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Figure 3.2: Experimental designs involving antisolvent addition at different
constant temperatures for the construction of ATR-FTIR calibration (data
points from [6])
3.2.4 Cooling Crystallization
Before and after each antisolvent crystallization, cooling experiments were
performed at that solvent ratio (see Figure 3.3). The solution was heated
to 40, 45, or 50 oC until all crystals were dissolved. Spectra were collected
while the temperature was cooling at a rate of about 1 oC/min until crystals
formed or the temperature of the cold water used for temperature control was
reaching (16-20 oC), whichever came first. Table 3.1 reports the correspond-
ing concentration and temperature range for each of the cooling experiments
at specified solvent ratios.
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Figure 3.3: Experimental designs involving cooling at different solvent
ratios for the construction of ATR-FTIR calibration (data points from [6])
3.2.5 Calibration for Solution Concentration
Table 3.1 includes the antisolvent and cooling calibration experimental data
sets that were shown in Figure 3.4 with respect to the reference solubility
surface [6]. In the Table 3.1, T is temperature, oC; %S is solvent ratio
by weight, water/(water+isopropanol); and C is concentration, g solute/g
solvent.
Table 3.1: Antisolvent and cooling calibration data sets
Calibration Set 1
Cool1 Antisolvent Cool2
Start End Start End Start End
T 39.97066 16.07433 29.82517 29.57413 45.21278 18.24448
%S 24.97728 24.97728 24.97728 17.9741 14.50898 14.50898
C 0.095195 0.095195 0.095195 0.068504 0.055297 0.05529743
Continued on Next Page. . .
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Table 3.1 – Continued
Calibration Set 2
Cool1 Antisolvent Cool2
Start End Start End Start End
T 45.08308 15.02182 29.97593 30.27519 45.23029 19.88308
%S 29.98605 29.98605 29.98605 11.18196 11.17186 11.17186
C 0.122067 0.122067 0.122067 0.045519 0.045478 0.04547817
Calibration Set 3
Cool1 Antisolvent Cool2
Start End Start End Start End
T 44.87232 15.07698 29.6656 30.23357 44.87297 19.08936
%S 45 45 45 29.89853 26.3878 26.3878
C 0.20097 0.20097 0.20097 0.133527 0.117848 0.1178477
Calibration Set 4
Cool1 Antisolvent Cool2
Start End Start End Start End
T 49.77535 16.71036 39.81544 39.87614 50.01545 27.74376
%S 45.01461 45.01461 45.01461 23.32877 23.01437 23.01437
C 0.271751 0.271751 0.271751 0.140835 0.138937 0.1389368
Calibration Set 5
Cool1 Antisolvent Cool2
Start End Start End Start End
T 49.6595 23.93497 40.15808 40.06088 50.00015 36.10104
%S 30.03883 30.03883 30.03883 15.61042 15.35241 15.35241
C 0.174979 0.174979 0.174979 0.090932 0.089429 0.08942913
Calibration Set 6
Cool1 Anti Cool2
Start End Start End Start End
T 50.07587 26.19839 40.07832 40.01129 50.04177 25.42217
%S 25.03934 25.03934 25.03934 10.24035 10.14667 10.14667
C 0.140298 0.140298 0.140298 0.057378 0.056853 0.05685274
Calibration Set 7
Cool1 Antisolvent Cool2
Start End Start End Start End
T 50.03384 14.75872 20.15965 20.06649 20.08514 14.98135
Continued on Next Page. . .
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Table 3.1 – Continued
%S 49.95939 49.95939 49.95939 28.04433 28.04433 28.04433
C 0.170197 0.170197 0.170197 0.095539 0.095539 0.09553872
Calibration Set 8
Cool1 Antisolvent Cool2
Start End Start End Start End
T 49.20826 31.58791 20.61115 20.14565 50.02506 50.02506
%S 34.95693 34.95693 34.95693 19.07268 18.56039 18.56039
C 0.105847 0.105847 0.105847 0.057751 0.0562 0.05619968
Calibration Set 9
Cool1 Antisolvent Cool2
Start End Start End Start End
T 49.91108 15.17338 19.98669 19.93919 49.4812 15.58388
%S 27.05371 27.05371 27.05371 12.1944 12.1944 12.1944
C 0.071156 0.071156 0.071156 0.032073 0.032073 0.03207335
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Figure 3.4: Combination of experimental designs for the antisolvent and
cooling calibration experiments (data points from [6] and the surface is a fit
to the data points)
The calibration model was constructed from a subset of the IR spectra
collected during the experiments (see Table 3.1). The IR spectral range, data
pretreatment method, and noise level were set in advance. Six chemometric
methods were applied to construct models: (i) top-down selection principal
component regression (PCR), (ii) correlation PCR, (iii) forward selection
PCR 1, (iv) forward selection PCR 2, (v) confidence interval PCR, and (vi)
partial least squares (PLS) [10]. Then the best method was chosen from the
six. The regression coefficients that contained the weights for absorbances,
temperature, and solvent ratio were used for the calculation of the solution
concentration in other parts of the phase diagram according to the Beer-
Lambert Law.
The resulting calibration model has the form:
C =
∑
j=1
wjaj + wTT + w%S(%S) + w0 (3.1)
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where C is the solute concentration (g/g solvent), aj is the absorbance at
frequency j cm-1, T is the temperature (oC), %S is solvent ratio by weight,
and wj, wT , w%S, and w0 are the regression coefficients. The spectra of
aqueous paracetamol solution in the range 921.8217-1930.4260 cm-1 were used
to construct a calibration model relating the temperature, solvent ratio, and
IR spectra to the solution concentration.
3.2.6 Solubility Determination
The relationship among the temperature, solvent ratio, and the solute con-
centration when the solution is saturated with solute is typically called the
“solubility curve,” although a more accurate term would be “solubility sur-
face” (see Figure fig: calisurface). The solubility curve for the crystal was
determined using the calibration model from Section 3.2.5 and the FTIR
spectrometer. To best ensure that the solution was saturated with solute,
the FTIR measurement were collected while the ATR probe was in contact
with a crystal slurry where the crystals were in equilibrium with the solution.
For best results, the operations should have crystals present during all data
collection. Otherwise, the measured concentration can be lower than the
solubility. Each temperature was slowly approached (1 oC/min) from both
undersaturation (by heating, when the solute concentration was below the
saturation concentration) and supersaturation (by cooling, when the solute
concentration was above the saturation concentration) to ensure that equi-
librium was reached. The solubility data were fit to a cubic function of %
solvent (%S) and temperature.
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Figure 3.5: Illustration of spectra collection for solubility measurement
3.3 Results and Discussion
3.3.1 Pump Calibration
The following linear fit in Figure 3.6 was obtained for pump calibration.
Flow Rate (ml/min) = 9.9765V − 10.91, R2 = 1.00 (3.2)
The regression coefficients in Equation 3.2 was incorporated into the control
program interface, so that the volumetric flow rate of antisolvent was specified
for any specified voltage in the obtainable range.
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Figure 3.6: Pump calibration, Flow Rate vs. Volts
3.3.2 Calibration for Solute Concentration
Absorbance spectra for paracetamol solutions collected at 30oC for different
solute concentrations are shown in Figure 3.7. The peaks in the 1500-1520
cm-1 region are associated with functional groups of paracetamol. The ab-
sorbance at a particular wave number can increase or decrease as the solute
concentration increases.
22
Figure 3.7: ATR-FTIR spectra of a paracetamol solution
For testing whether linearity is an appropriate assumption for the cal-
ibration model, the temperature, solvent percentage, and concentration de-
pendence of the highest absorbance peak of paracetamol at 1511.942 cm-1
was determined. Beer’s Law, which holds for many dilute solutions, states
that absorbance is linearly related to the concentration. For most systems,
this linearity also holds for more concentrated solutions for spectra collected
in the mid-infrared region. The nearly equal spacing between the lines for
most of the data in Figure 3.8 indicates the Beer’s law is fairly accurate
for the paracetamol solutions for the studied concentration range. Also, the
absorbance increases linearly as solvent ratio increases, indicating that sol-
vent ratio can be included linearly as an input variable when constructing a
calibration model.
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Figure 3.8: Beer’s law
The regression coefficients are plotted against a paracetamol spectrum in
the Figure 3.9(a). The regression coefficients tend to be larger for frequencies
where the absorbance is high. Chemometrics can also take the peak shift into
account when computing the regression coefficients in the calibration model.
An error analysis was performed on the regression curve to verify the accuracy
of the estimates. The differences between the measured and predicted values
of the solute concentration are plotted in Figure 3.9(b). The differences are
within the 0.5 wt% width calculated for the prediction interval.
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(a) Regression Coefficients
(b) Error
Figure 3.9: Concentration calibration model constructed with
Chemometrics software: (a) Regression Coefficients, and (b) Error
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3.3.3 Solubility Determination
The regression coefficients created from Section 3.3.2 were applied to FTIR
spectra of paracetamol slurries at different temperatures and % solvent to de-
termine the solubility surface. The solubility measurements in Table 3.2(a)
were approached from undersaturation by heating and the solubility mea-
surements in Table 3.2(b) were approached from supersaturation by cooling.
The average of the solubility measurements were reported in Table 3.2(c).
Table 3.2: Measured solubility of paracetamol in isopropanol-water mixture
(a) Undersaturation
Heating Temperature
%solvent 20 25 30 35 40
50 0.175987 0.203079 0.234538 0.270751 0.312076
40 0.131871 0.155574 0.182012 0.213250 0.248504
30 0.083667 0.101920 0.122919 0.148565 0.177708
20 0.041056 0.053726 0.070457 0.087489 0.107811
(b) Supersaturation
Cooling Temperature
%solvent 20 25 30 35 40
50 0.176009 0.203792 0.235116 0.270717 0.312075
40 0.127162 0.152571 0.179653 0.212181 0.250927
30 0.082089 0.101053 0.122401 0.147686 0.178987
20 0.044510 0.056296 0.069593 0.086045 0.106442
(c) Average
Average Temperature
%solvent 20 25 30 35 40
50 0.175998 0.203436 0.234827 0.270734 0.312076
40 0.129516 0.154073 0.180832 0.212715 0.249715
30 0.082878 0.101486 0.122660 0.148125 0.178348
20 0.042783 0.055011 0.070025 0.086767 0.107126
26
Figure 3.10: Measured solubility determined by the calibration model
applied to ATR-FTIR spectra, measured temperature, and known solvent
ratio
The solubility measurements calculated using regression coefficients from
FPCR2 with a noise level of 0.01 are plotted in Figure 3.10. The solubility
measurements were well fit by a cubic function of solvent ratio and temper-
ature (similarly as in [11]).
C∗ =− 5.648× 10−3T − 6.964× 10−5S + 7.703× 10−5T 2
+ 2.108× 10−4S2 + 2.482× 10−4TS − 1.836× 10−6TS2
− 1.490× 10−6S3 + 0.1086;
(3.3)
where C∗ is in g solute/g solvent, T is in Celsius and %S is solvent ratio.
The absolute errors for the solubility calculated from Equation 3.3 compared
to experimental solubility data are between −0.0015 and 0.0014, and the
relative errors are between −0.0219 and 0.0322. The solubilities measured in
this study compared to published solubilities are reported in Table 3.3. Some
27
of the larger solubility differences could be associated with having different
levels of purity of the chemicals.
Table 3.3: Differences between solubility measurements and published
values [6])
(a)
Absolute Error(g/g solvent)
Temperature
%solvent 20 25 30 35 40
50 -0.00306 -0.00439 -0.00481 -0.00754 -0.00982
40 0.003634 0.000667 0.001748 0.000365 -0.00228
30 0.004132 0.004044 0.00268 0.003905 0.004902
20 0.002907 0.001519 0.000425 -0.00027 0.000544
(b)
Relative Error
Temperature
%solvent 20 25 30 35 40
50 -1.73752 -2.15596 -2.04704 -2.7865 -3.14539
40 2.805831 0.432912 0.966643 0.171591 -0.91104
30 4.985642 3.984786 2.184901 2.636287 2.748559
20 6.794755 2.761266 0.606926 -0.30772 0.507813
3.4 Summary
A calibration model relating paracetamol concentration to ATR-FTIR spec-
tra, temperature, and solvent ratio was constructed at specified values for
the temperature and solvent ratio, and an error analysis was performed. The
solubility surface of paracetamol in isopropanol-water solution was measured
by ATR-FTIR spectroscript and the regression coefficients in the calibration
model. These results are used in simulation in the next chapter, and will be
used in future feedback control experiments.
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Chapter 4
Simulation of Combined Y-mixer and Jacketed
Vessel Crystallizer
4.1 Introduction
Papers have been published on modeling pure cooling and antisolvent crys-
tallization [1],[2], but no results of continually feeding seeds produced by
real-time antisolvent crystallization to a cooling tank have been published.
This chapter provides a population balance model that was reformulated as
a set of ordinary differential equations.
The experimental setup is shown in Figure 4.1. Seeds formed in a Y-
shaped dual impinging jet (DIJ) are sent to a well-mixed jacketed tank filled
with slurry. The temperature control profile is specified to control the crystal
size distribution.
Figure 4.1: Combination of Y mixer and jacketed vessel crystallizer
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4.2 Mathematical Model
The velocity of the solvent and antisolvent streams are treated as fixed. The
population balance for the semi-continuous system, for crystals characterized
by one characteristic length and time-varying solvents mass, is
∂(n(L, t)Msolvents)
∂t
+
(∂n(L, t)GMsolvents)
∂L
= BMDIJ (4.1)
where n is the number density (per unit mass of solvents), Msolvents is the
mass of the solvents (m3), G is the growth rate (m/s), L is the characteristic
crystal size (m), B is the total rate of nucleation (#/kg-s), and MDIJ is the
mass of solvents in the micromixing region of the dual impinging jet mixer
(kg).
The jth moment of the seed crystal distribution n(L, t) is defined by
µ˜j,s(t) =
∫ ∞
0
Ljn˜(L, t)dL, j = 0, 1, ...,∞ (4.2)
where n˜(L, t) is redefined on the basis of the total volume of solvents.
By using the method of moments [3], Equation (4.2) can be expressed
by a set of ordinary differential equations:
dµ˜0,s
dt
= BMDIJδ(L− L0), (4.3)
dµ˜j,s
dt
= jµ˜j,s(t)G(t), j = 1, ...,∞. (4.4)
4.3 Crystallization Model and Optimization Strategy
The solubility and nucleation and growth parameters for the paracetamol-
water-isopropanol system are taken from the literature. Potential optimiza-
tion target and constraints are specified below.
4.3.1 Solubility
The solubility of paracetamol in water-isopropanol mixture was taken from
Hojjati and Rohani [4]. Knox [5] performed response surface modeling in
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Design Expert 7 (MN, USA) to fit the solubility surface. The solubility (g
paracetamol/g solvent(water+isopropanol)) is a function of the temperature
in degrees Celsius (oC) and mass fraction of isopropanol (Xi).
C∗ = 1226X3i +(14.7T−1648)X2i +(386−17.7T )Xi+967.2+2.199T−0.048T 2
(4.5)
4.3.2 Nucleation and Growth Kinetics
The growth and nucleation rates are functions of temperature, mass fraction
of antisolvent, and supersaturation (4C) [6]:
G = kg4Cg (4.6)
kg = kg0 exp
(
Eg
RT
)
(4.7)
g = g1mw + g2 (4.8)
B = kb4Cb (4.9)
kb = kb0 exp
(
Eb
RT
)
(4.10)
b = b1mw + b2 (4.11)
Table 4.1: Estimated Kinetic Parameters
Rate Kinetic Parameters Value (α = 0.05)
Growth kg0 2.34× 10−6 ± 2.61× 10−7
Eg 101± 4.5
g1 0.0975± 0.0126
g2 1.01± 0.08
Nucleation kb0 46.93± 6.75
Eb 728± 55.65
b1 −5.26±−0.68
b2 4.53± 0.27
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4.3.3 Sample Simulation Results
A computer code was written that implements the moments model (see Ap-
pendix A) and some simulation runs were completed to validate the correct-
ness of the software implementation, with some sample results in Figure 4.2.
The solute concentration and moments of crystals in the aging tank for the
coupled DIJ-aging tank system are reported in Figure 4.2 for a constant nu-
cleation rate in the DIJ as would be produced by operating at fixed inlet
velocities and concentrations of the feed streams, for sufficiently short time
that the solute concentration in the aging tank has not changed significantly.
As can be shown by direct integration of the moment equations under such
conditions, the zeroth-order moment grows linearly with time, the first-order
moments grows quadratically with time, and the second-order moment is a
cubic function of time.
Figure 4.2: Simulation of moments and solute concentration in a dual
impinging jet crystallizer
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4.3.4 Potential Optimization Targets
Future work will incorporate the simulation model into an optimal con-
trol formulation that includes constraints on the cooling rate in the aging
tank. The following crystal size distribution (CSD) properties have been
used as optimization targets in the literature: (i) number-average crystal
size Jn.m.s = µ˜1/µ˜0, (ii) coefficient of variation Jc.v = (µ˜2µ˜0/µ˜
2
1 − 1)1/2, (iii)
nucleation-to-seed-mass ratio Jn.s.r = (µ˜3 − µ˜3,s)/µ˜3,s, and (iv) weight-mean
size Jw.m.s = µ˜4/µ˜3. Past research by the Richard Braatz and Michael Do-
herty groups showed that the weight-mean size as an optimization objective
results in control trajectories that are very sensitive to uncertainties in the
crystallization kinetic parameters, as that objective very weakly depends on
the characteristics of the small crystals. Past research by the Braatz group
shows that the coefficient of variation as an optimization objective can some-
times lead to very poor quality CSD, such as the use of rapid cooling to
produce crystals that have a narrow size distribution (so a small coefficient
of variation) but are so small that the crystals cannot be effectively washed
and filtered. The other two optimization objectives, number-average crys-
tal size and nucleation-to-seed-mass ratio, are much less sensitive to these
considerations. Jay H. Lee, Zoltan K. Nagy, and Richard Braatz have also
considered using either multiple moments or the whole CSD as the optimiza-
tion objectives. Future work will focus on the latter objective, to compute
an optimal temperature profile for reaching a desired crystal size distribu-
tion, which will be formulated as a nonlinear optimization. The optimization
will be carried out using Sequential Quadratic Programming, which has been
commonly applied to crystallization control problems.
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Chapter 5
Concentration Feedback Control and
Combination of Y-mixer and Tank Crystallizer
5.1 Introduction
This chapter focuses on seed preparation, concentration feedback control,
the design of the Y-mixer and the combination of Y-mixer and mixed-tank
crystallizer.
5.2 Concentration Feedback Control
5.2.1 Seed Preparation
The first comprehensive investigation of the effect of seed distribution on the
final crystal size distribution properties was performed by Chung et al. [1],
which indicated that seed can have a much larger effect on the CSD than
the temperature profile. In order to avoid the various effects of different
crystal seed distribution, crystal seeds were prepared following a consistent
procedure. Crystals were produced from tank crystallizer at cooling rate
3 oC/min. The filter paper used was Whatman filter paper #1. Sieves of
250, 180, 125, and 75 µm mesh were used to separate the different sized
seed crystal fractions. Filtered crystals under vacuum were placed in an
oven at 60oC overnight. Also, crystals from the seed crystal preparations
were examined using a Leica Microscope equipped with an Insight camera.
The images captured by this microscope were processed in the Image-Pro
software. Crystals of the size between 125-180 µm were used as seeds because
crystals were inclined to agglomerate if seeds were smaller than 100 µm.
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Figure 5.1: Crystal seeds from 125 to 180 micrometers
5.2.2 Operation Method
The objective of the feedback controller on the mixed-tank is to follow a
desired supersaturation trajectory that promote crystal growth while min-
imizing nucleation [2]. The control trajectory should be in the metastable
zone, which is between metastable limit and solubility curve as seen in Figure
5.2. An appropriate amount of solute in solvent is heated to its saturation
temperature until all crystals are dissolved. Then the crystallizer is cooled
to a temperature on the supersaturation trajectory. Seeds are fed close to
the trajectory to prevent any potential significant oscillation of temperature.
The amount of seeds is 4 g which have enough surface area for growth.
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Figure 5.2: The metastable zone, solubility cruve, metastable limit, and
concentration-temperature control trajectory. Similar notions apply to
antisolvent crystallization.
If the supersaturation trajectory is close to the solubility curve, crystals
will grow at a certain rate controlled by the temperature that is determined
from the solute concentration, solubility curve, and supersaturation setpoint
as seen in the Figure 5.3. As the concentration of solute decreases as crystals
grow, the supersaturation goes down. To counteract this effect, the next
temperature is set lower to keep the supersaturation constant. If the super-
saturation trajectory is close to the metastable limit, secondary nucleation
would occur, so the trajectory is defined far enough away from the metastable
limit that disturbances or variations in nucleation kinetics do not cause the
supersaturation to become close to the metastable limit.
39
Figure 5.3: Schematic of supersaturation control [2, 3]
As seen from Figure 5.3, the crystallizer follows setpoint supersaturation
profiles by adjusting the temperature [2, 3]. Solving the following equation
with the Equation (3.3) for T produces the temperature setpoint:
C∗(T ) = Cmeas −∆C, (5.1)
where ∆C is the supersaturation that should follow a specified profile, Cmeas
is the concentration obtained from FTIR model, and C∗(T ) refers to solubil-
ity at temperature T .
5.2.3 Results
The above procedure was performed with crystal seeds of 125-250 µm. The
solvent ratio was 40% and the initial concentration of paracetamol was 0.02543
g/g solvent. The solution was heated to 50oC until all the crystals were dis-
solved and then was cooled to 40oC at a rate of 1 oC/min. Thirty minutes
after seeding at 40oC, Sset (absolute supersaturation) was set at 0.008 g/g
and supersaturation control was started. The profiles of solute concentra-
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tion, supersaturation, relative supersaturation, and temperature was plotted
in Figure 5.4. The concentration control profile was compared to the sol-
ubility of paracetamol in isopropanol-water mixture when the solvent ratio
was 40%. The feedback control performed well and the next step would be
to combine the feedback control with continuous addition of seeds from the
dual impinging jet crystallizer.
Figure 5.4: Concentration feedback control: Sset = 0.008 g/g in
paracetamol solution
5.2.4 Dual Impinging Jet Crystallizer
The size of crystal seeds produced from the dual impinging jet (DIJ) crystal-
lizer should be confirmed to be small, so a stirred tank was used to capture
and freeze crystals immediately after exiting DIJ mixer to enable accurate
measurement. The solution concentration in the stirred bath was equal to
the mixture concentration of solvent and antisolvent. Crystals of around 5
µm were obtained (see Figure 5.5). Design of the mixer was developed to
yield more consistent crystal size distribution, because the plastic Y mixer
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had a small angle between two inlets which did not yield intensive enough
collision between the two impinging jets.
Figure 5.5: Small crystals made using DIJ
The steel Y mixer (160o) was supplied by the mechanic shop at the
University of Illinois at Urbana-Champaign. The Y mixer had 1.5-mm ID
inlet jets and 2-mm ID outlet jets. The length of the outlet tubing in Figure
5.6 can be adjusted, as can the residence time.
Figure 5.6: Steel Y mixer
A combination of a dual impinging jet crystallizer and a concentration-
controlled crystallizer would allow a target CSD to be tailored based on its
bioavailability requirement. This level of CSD control has yet to be achieved
in current batch or continuous crystallization technology. This encourages
further experimental implementation and automation of the control strate-
gies to fully access the feasibility of the approaches.
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Appendix A
Program I: Simulation of Antisolvent
Crystallization in Y-mixer
% DIJ
% Lifang Zhou
% 2010. 11. 21
function DIJCSD
close all
clear
clc
TDIJ = 30; %DIJ temperature is 30oC
CwJ1 = 0.50; %Water ratio in Jet one: saturated,...
%solute+water+isopropanol. CwJ1 = water/(water+isopropanol)
%CwJ2 = 1; %Water ratio in Jet two: Antisolvent, water
densityw = 0.9957; % density of water, g/cm3
densityiso = 0.7869; % density of isopropanol, g/cm3
FJ1 = 2; % Flow rate of Jet one, cm3/s
FJ2 = 2; % Flow rate of Jet two, cm3/s
densityJ1 = 1/(CwJ1/densityw+(1-CwJ1)/densityiso);
densityJ2 = densityw;
mJ1 = densityJ1*FJ1; %mass flow rate of Jet 1, g/s
mJ2 = densityJ2*FJ2; %mass flow rate of Jet 2, g/s
mJ3 = mJ1 + mJ2; %mass flow rate of Jet 3, g/s
CisoJ1 = 1-CwJ1; %isopropanol ratio in Jet 1
SJ1 = Solubility(CisoJ1,TDIJ);
msoluteJ3 = mJ1*(SJ1/(1+SJ1));
mwJ1 = mJ1*1/(1+SJ1)*CwJ1;
mwJ2 = mJ2;
mwJ3 = mwJ1+mwJ2;
misoJ3 = mJ1*1/(1+SJ1)*(1-CwJ1);
CwJ3 = mwJ3/(mwJ3+misoJ3);
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CisoJ3 = 1-CwJ3;
CJ3 = msoluteJ3/(mJ3-msoluteJ3);
SJ3 = Solubility(CisoJ3,TDIJ);
SsJ3 =CJ3 - SJ3; % Absolute Supersaturation at the outlet of DIJ
%Kinetic Parameters
kg0 = 2.34*1e-6;
Eg = 1.01*1e2;
g1 = 9.75*1e-2;
g2 = 1.01;
kb0 = 46.93;
Eb = 7.28*1e2;
b1 = -5.26;
b2 = 4.53;
R = 8.314; %
g = g1*CwJ3+g2;
kg = kg0*exp(Eg/(R*TDIJ));
GpredDIJ = kg*SsJ3ˆg; % m/min
b = b1*CwJ3+b2;
kb = kb0*exp(Eb/(R*TDIJ));
BpredDIJ= kb*SsJ3ˆb; % #/(gsolvent*min)
t ini = 0;
t end = 0.06; % residence time in DIJ, min
tau = 0.01; % reaction time in DIJ, second, 10ms
mJ3liq = mwJ3+misoJ3;
densitys = 1293; %solid density, kg/m3, 1.293 g/cm3
kv = 1.5; %shape factor
mu0DIJ = 0;
mu1DIJ = 0;
mu2DIJ = 0;
CsDIJ = CJ3;
options = odeset('RelTol',1e-5,'AbsTol',[1 1 1 1]*1e-5);
[TimeDIJ, YDIJ]=ode45(@momentsDIJ,[t ini t end],...
[mu0DIJ mu1DIJ mu2DIJ CsDIJ],options);
function y = momentsDIJ(t,muCsini)
% dmu0/dt = B v(t)V(t) =B m(t)m solvent(t)*tau
% dmuj/dt = j*mu (j-1)*G
% dCs/dt = -3densitys*kv*mu2(t)/mliq;
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% dCi/dt: no change
% dCw/dt: no change
% dmliq/dt: no change
% Growth and nucleation rate
y = zeros(4,1); % Must define y first
y(1) =BpredDIJ*mJ3liq*tau; %dmu0/dt
y(2) = 1*muCsini(1)*GpredDIJ; %dmu1/dt
y(3) = 2*muCsini(2)*GpredDIJ; %dmu2/dt
y(4) = -3*densitys*1000*kv*muCsini(3)*GpredDIJ/mJ3liq; %dCs3/dt
end
% plot(TimeDIJ,YDIJ(:,1),TimeDIJ,YDIJ(:,2),TimeDIJ,YDIJ(:,3),...
% TimeDIJ,YDIJ(:,4))
% legend('0 moment','1 moment','2 moment','Concentration')
figure
subplot(2,2,1)
plot(TimeDIJ,YDIJ(:,1));
xlabel('time/min');
legend('0 moment');
subplot(2,2,2)
plot(TimeDIJ,YDIJ(:,2));
xlabel('time/min');
legend('1 moment');
subplot(2,2,3)
plot(TimeDIJ,YDIJ(:,3));
xlabel('time/min')
legend('2 moment');
subplot(2,2,4)
plot(TimeDIJ,YDIJ(:,4));
xlabel('time/min')
legend('Concentration');
end
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Appendix B
Program II: Solubility Function of
Paracetamol in Isopropanol-Water Mixture
% Solubility of paracetamol in water and isopropanol
% Written by Lifang Zhou
% 11/21/2010
function Solu = Solubility(Ciso,T)
%Solu = (1226*Cisoˆ3+(14.7*T-1648)*Cisoˆ2+(386-17.7*T)*Ciso+967.2+...
%2.199*T-0.048*Tˆ2)*0.001; %Ref fit
%Experimental fit:
S = Ciso*100;
coef = [-0.00564846010385723;-0.00696396784300003;7.70311507142865e-05;...
0.000210767213499999;0.000248225709100003;-1.83609875000006e-06;...
-1.49016759999997e-06;0.108608284937144];
Solu =T.*coef(1)+S.*coef(2)+T.ˆ2.*coef(3)+S.ˆ2.*coef(4)+T.*S.*coef(5)...
+coef(6).*T.*S.ˆ2+coef(7).*S.ˆ3+coef(8);
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